butane diol, water, non-ionic surfactants and oil (3) (4) (5) and considered extremely weak interfacial tension between this phase and oil useful for this manner of preparation. Kunieda et al., in their study on D-phase emulsification, noted an oil gel emulsion in this process to form near the cubic-phase high in oil content (6) (7) (8) . Although unnecessary, glycol addition facilitates the handling of an emulsion owing to reduction in the viscosity of this phase (8) .
Thermodynamically unstable emulsions finer than possible by D-phase emulsification may be required for pharmaceutical and cosmetic purposes (9) (10) (11) . Ultrafine emulsions are prepared by exceedingly strong shear force generated with an emulsifying machine (12) (13) (14) . Preparation is also possible by cooling single-phase microemulsions to a specified temperature below that of the solubilization phase boundary without mechanical shaking (15, 16) . These methods involve complicated processes, thus giving rise to the need for simpler methods.
This paper presents a new and simple method for preparing for emulsions finer than possible by D-phase emulsification using nonionic surfactants, EPDME, water and liquid paraffin. The physicochemical features of EPDME solution are clarified in the following and the equilibrium phase state of water-oil-surfactants-EPDME is examined using a phase diagram.
Materials and Methods

1 Materials
Polyoxyethylene (7 mol) oleylether [POE (7) oleylether] (Wako Jun-yaku, Osaka, Japan) was used as nonionic surfactant without further purification. Extra pure grade 1,3-butane diol (Wako Junyaku) and EPDMEs (Nihonyushi, Tokyo) : EPDME (9/2) (POE 9 mol, POP 2 mol, MW 500), EPDME (17/4) (POE 17 mol, POP 4 mol, MW 1000), EPDME (14/7) (POE 14 mol, POP 7 mol, MW 1000), EPDME (11/9) (POE 11 mol, POP 9 mol, MW 1000) served as humectants without further purification. Extra pure grade liquid paraffin (Kantoukagaku, Tokyo) was used without further purification. Deionezed and distilled water was used.
Methods
The EPDME cloud point was determined by direct observation. Aqueous solutions of EPDME(0 6 0w/v%) were sealed in ampules and then placed in a thermostatted bath. Surface tension of EPDME was measured by the Wilhelmy method using a Dynamic Contact Angle Meter and Tensiometer 21(Dataphysics Instrument, Filderstadt, Germany).
Three-phase triangles of a system of humectant aqueous solution -nonionic surfactant -liquid paraffin system, and a mixture of 70wt% nonionic surfactant with 30wt% EPDME (9/2) -water -liquid paraffin were made as follows. Component mixtures were placed in test tubes, sealed with Teflon-sealed screw caps and shaken at 70 for 5 min. Each was examined to confirm equilibrium at 25 . Phase state determination was made by direct visual inspection and crossed polarizers. Liquid crystal identification was made based on smallangle x-ray scattering. The phase diagram of a microemulsion phase observed in a three-phase triangle, with temperature was also made.
Rheological features of the microemulsion phases were examined using a Physica MCR300 Reometer (Anton Paar, Graz, Austria). Freeze-fracture transmission electron microscopy (FF-TEM) of microemulsion phase replication was done with a H800 electron microscope (Hitachi, Tokyo) (17 -19) . For replica preparation, a small amount of sample was placed on a gold disc, frozen in liquid nitrogen, fractured and replicated in freeze -fracture apparatus (BAF 400, Balzers, Liechtenstein) at 140 . Pt/C was deposited on the sample at a 30˚ angle. Emulsification particle diameter was measured by dynamic light scattering using a Zetasizer Nano (Sysmex Corporation, Kobe). Lightness value of nano -emulsion was measured using a 7000A Color-Eye (Gretag Macbeth, Regensdorf, Switzerland) for assessing thermal emulsion stability.
Results
1 Physicochemical
Features of EPDME EPDME is a derivative of polyoxyethylene and consequently its solution has a specific cloud point at a certain concentration. At EPDME solution temperature exceeding the cloud point, EPDME is unable to be dissolved in water and its solution becomes cloudy. EPDME cloud point curves at given concentrations are indicated in Fig. 1 in which cloud points can be seen to decrease with polyoxyplopylene content.
Surface tension for EPDME aqueous solutions was low for DPDME with low polarity (Fig. 2) . Although surface tension of EPDME (17/4) solution was constant Surface tension of EPDME (9/2) solution was measured at 25, 35, 45 and 55 (Fig. 3) and was seen to decrease over this temperature range, but was constant at 35w/v% EPDME (9/2) and 55 . With rise in temperature, EPDME solution became hydrophobic and insoluble. The constant surface tension of EPDME (9/2) at over 35w/v% and 55 may possibly have been due to formation of certain molecule aggregates soluble in water, prior to EPDME (9/2) becoming insoluble at less than the cloud point.
2 Phase Diagram for the Humectant
Aqueous solution -POE (7) Oleylether -Liquid Paraffin System To clarify functional differences between EPDME and 1,3-butane diol used in D-phase emulsification in place of a nonionic surfactant, phase diagrams in 50wt% (Fig. 4 ) and 60wt% EPDME (9/2) aqueous solution -POE (7) oleylether -liquid paraffin ( Polyoxypropylenedimethylether (EPDME) Aqueous Solutions. Open ( ) and closed circles ( ), square ( ), and triangle ( ) represent the temperature of cloud points of EPDME (9/2), (17/4), (14/7) and (11/9), respectively.
Fig. 2 Surface Tension of Various Polyoxyethylene /
Polyoxypropylenedimethylether (EPDME) Aqueous Solutions at 25 . Open ( ) and closed circles ( ), square ( ) and triangle ( ) represent surface tension of EPDME (9/2), (17/4), (14/7) and (11/9), respectively. Small graph in Fig. 2 is an enlargement of the graph. butane diol aqueous solution -POE (7) oleylether -liquid paraffin system (Fig. 5 ). The phase state was similar in either case but a region showing optically isotropy with EPDME (9/2) had viscosity less than that of Dphase with 1,3-butane diol. The diagram in Fig. 4 shows an isotropic phase region with liquid paraffin / POE (7) POE (7) oleylether : 1,3-butane diol : water (28.4 : 42.6 : 17.4 : 11.6). At dilution to 1wt% with water, emulsion particle diameter was found to be 178 nm. Figs. 4 and 5 demonstrate extremely fine emulsification particles to be produced through use of EPDME (9/2), even at the same ratio of liquid paraffin to POE (7) oleylether.
The phase diagram of the 60wt% EPDME (9/2) (same percentage as 1,3-butane diol in Fig. 5 ) -POE (7) oleylether -liquid paraffin system is shown in Fig. 6 . The liquid crystal phase in Fig. 4 has diminished with a single-phase region becoming an optically isotropy phase with low viscosity. POE (7) oleylether : EPDME (9/2) (30.8 : 11.5) was essentially 7 : 3 for No. 1 in Fig.  4 and accordingly, a three-phase triangle POE (7) oleylether : EPDME (9/2) (7 : 3), liquid paraffin and water was drawn (Fig. 7) .
Phase Diagram for [70wt% POE (7)
oleylether + 30wt% EPDME (9/2)] -Water -Liquid Paraffin System This diagram is presented in Fig. 7 . Essentially the same composition [liquid -paraffin : POE (7) Fig. 4 is shown in Fig. 7 . An ultrafine emulsion with particle diameter of 54 nm was formed at the twophase region (O + Wm) on diluting with water (final concentration) 1wt% (Fig. 7) . Electron microscopy of the microemulsion phase of No.1 prepared by freezefracture replication is shown in Fig. 8 . In Fig. 8 , micelles, diameter : 5 ~ 10 nm, containing oil were found, since [1] water -soluble dye spread in this composition, [2] this composition had the property of electrical conductivity and [3] the phase including this composition was an optically isotropy phase with low viscosity. These features gave way to microemulsion phase formation in a region in which lamella liquid crystals would be produced (including No. 1').
4 Ultrafine Emulsions Stability
Ultrafine emulsions prepared by water diluting microemulsion of No. 1 and No. 1' with water (1 wt%) at 25 were assessed for stability. The time course of change in particle radius and lightness value (L) is shown in ultrafine emulsions stable at 25 subsequent to water dilution.
5 Microemulsion Phase
Change with Temperature For this clarification, water was added to liquid paraffin / [70wt%POE (7) oleylether + 30wt% EPDME (9/2)] (1 : 1) (8 ~ 20wt%) (A -B line in Fig. 7) . Change with temperature is indicated in Fig. 9 in which the microemulsion appears as single-phase at 5 -35 .
For microemulsion size determination, rheological features of the microemulsion phase containing 10wt% water at 5 -25 (C-D line in Fig. 9 ) were examined. Viscosity and shear stress with shear rate are shown in Fig. 10 . Low temperature was found to result in high viscosity and the microemulsion at low temperature became a thixotropic fluid having low viscosity at strong shear stress. The microemulsion exhibited Newtonian flow at 25 and decreased in size owing to high temperature, since the microemulsion large in size had a high viscosity and was thixotropic (20 -22) .
6 Ultrafine Emulsion Particle Radius
after Diluting the Microemulsion Phase The relation between this parameter and oil /surfactant was studied after diluting the microemulsion phase.
Emulsion particle radius was measured at 1wt% with water and relation is shown in Fig. 11 , indicating the two parameters to be in direct proportion. An ideal ultrafine emulsion with nearly all surfactants adsorbed onto the oil-water interface could thus be prepared. Particles of the ultrafine emulsion prepared by diluting liquid paraffin : POE (7) oleylether : EPDME (9/2) : water / 46.2 : 30.8 : 11.5 : 11.5 (No. 1) were larger than ideal particles and the particles in the electron microscope photograph (Fig. 8) were much smaller.
Discussion
EPDME is a derivative of polyoxyethylene and thus dehydrates at high temperature to produce a turbid suspension when the cloud point has been exceeded (23) . Cloud point curves for EPDME (9/2) and (17/4) were convex compared to EPDME (14/7) and (11/9) (Fig. 1 and had lower critical temperatures as in the case of a polyoxyethylene nonionic surfactant (24) . The surface tension of EPDME (17/4) solution was constant at more than 15w/v% at 25 and that of EPDME (9/2) solution, constant beyond 35w/v% at 55 (Fig. 2) . Thus, certain molecule aggregates of EPDME may possibly form in water at a high temperature and concentration. Their structures are unknown. EPDME is a random copolymer of ethylene oxide and propylene oxide and exerts slight effect on surface tension. With increase in polyoxyethylene / polyoxypropylene, the probability of contamination of a block copolymer also increases, resulting in clear reduction in surface tension. The phase diagram in Fig. 5 resembles that of Sagitani et al. (3) as well as that in Fig. 4 and was prepared with 60wt% 1,3-butane diol. The optically isotropy phase in Fig. 4 has low viscosity. This phase corresponding to the D-phase in Fig. 5 was a transparent half-solid. The electron microscopy image of liquid paraffin : POE (7) oleylether : EPDME (9/2) : water / 46.2 : 30.8 : 11.5 : 11.5 (No. 1) in Fig. 4 indicates this phase to be microemulsion containing oil (20) . Following dilution of liquid paraffin : POE (7) oleylether : EPDME (9/2) : water(46.2 : 30.8 : 11.5 : 11.5) and (21.6 : 32.4 : 23.0 : 23.0) to 1wt% and stirring at 25 , ultrafine emulsions of 54 nm and 20 nm in diameter, respectively were obtained. The effects of EPDME on nonionic surfactants are thus shown to differ completely from those noted for 1,3-butane diol in D-phase emulsification.
The microemulsion phase containing EPDME aqueous solution was found in a region different from that in conventional micelles containing oil and extended as far as the corner of liquid paraffin (right corner of the phase diagram) near the lamella crystal phase in Fig. 7 . A significant amount of oil was present in this phase, but its thermally stable region was large (Fig. 9) . The temperature of this region exceeded that for a conventional microemulsion phase; viscosity was lower and Newtonian flow was apparent (Fig. 10) . A microemulsion thus becomes smaller in contrast to conventional microemulsion phase at high temperature. Accordingly EPDME may function as a hydrophilic co-surfactant in the presence of polyoxyethylene nonionic surfactants.
Nakajima et al. noted a direct proportion between the radius of an emulsion particle and oil/surfactant, with all surfactants adsorbed onto the interface of oil droplets (16, 25) . This is supported by the present finding that particle radius of No.1 (electron microphotograph in Fig. 8 ) was much smaller compared to the ultrafine emulsion (estimated radius : 17 nm) (Fig. 11) whose POE (7) oleylether molecules had all been adsorbed onto the oil-water interface.
From Figs. 2 and 3 , EPDME alone has virtually no surfactant features. EPDME resembles in structure the polyoxyethylene chain of polyoxyethylene nonionic surfactant and thus may possibly function as hydrophilic co-surfactant when present with polyoxyethylene nonionic surfactant, both at high concentration, owing possibly to distribution of EPDME in the polyoxyethylene chain of a polyoxyethylene surfactant. Reduced microemulsion size with increase in temperature (Fig. 10) may possibly arise from the affinity of the ploexyrthylene chain toward the surfactant and EPDME. A microemulsion containing much oil may possibly have high viscosity. Viscosity of the microemulsion phase is low, since EPDME having no hydrophobic function groups is unable to be adsorbed onto the oil-water interface or flow through the polyoxyethylene chain of a polyoxyethylene nonionic surfactant.
With dilution of the present microemulsion phase, EPDME may possibly diffuse into a bulk water phase from a surfactant polyoxyethylene chain. Thus it would appear possible to prepare an ultrafine emulsion comprised only of nonionic surfactant and oil.
Conclusions
1) In the EPDME aqueous solution -liquid paraffin -POE (7) oleylether system, an microemulsion phase forms at the region where much liquid paraffin is present near lamella crystal phase. 2) An ultrafine emulsion at the two-phase region (O/W) can be easily produced by diluting of the microemulsion phase.
